Twelve strains named Bacillus pantothenticus, a t least 29 Bacillus strains representing 16 species belonging to rRNA groups 1 and 2, one Bacillus dipsosauri strain, and 38 strains of Amphibacillus, Aneurinibacillus, Bre vibacillus, Ha lobacillus, Pa en ibacillus, Sporosarcina and Marinococcus, were characterized genotypically using amplified rDNA restriction analysis (ARDRA), and phenotypically using routine diagnostic characters comprising 61 biochemical tests in the API System and 15 observations of vegetative cell and sporangial morphology. The B. pantothenticus strains were also characterized by fatty acid methyl ester analysis and SDS-PAGE of whole-cell proteins. ARDRA revealed that strains of B. pantothenticus formed a cluster quite separate from other species in rRNA group 1, supporting the recognition of the former as a separate genus, for which the name Virgibacillus is proposed. The polyphasic data also indicate the presence of an as yet undescribed new species within this genus. The species Virgibacillus pantothenticus and related organisms comprising this new genus can be distinguished from members of Bacillus rRNA group 1 (Bacillus sensu stricto), and from members of Paenibacillus and other aerobic endospore-forming bacteria by routine phenotypic tests.
INTRODUCTION
Bacillus pantothenticus was described by Proom & Knight (21) following a nutritional analysis of over 300 mesophilic soil isolates of Bacillus species. Eleven strains requiring pantothenic acid were isolated from eleven different soil samples, taken from widely separated localities in Southern England, by incubating soil suspensions in 4 % NaCl broth and plating on nutrient agar at 37 "C. They considered them as members of a species most closely resembling Bacillus circulans, but distinct from it, and subsequent studies have confirmed the validity of the species (3, 9, 17) . Later isolations have been made from antacids (3), food, water, bile and soil.
Abbreviations: ARDRA, amplified rDNA restriction analysis; FAME, fatty acid methyl ester; UPGMA, unweighted pair group method using arithmetic averages.
Comparisons of the 16s rRNA sequences of type strains of various Bacillus and Sporosarcina species have indicated that B. pantothenticus lies at the periphery of rRNA group 1 of Ash et al. (1) and shows evolutionary relationships with Bacillus smithii and Bacillus badius, the recently described Bacillus dipsosauri and the non-spore-former Marinococcus albus (16) , and with the species of the described genus Halobacillus (24) , which includes Halobacillus halophilus, formerly classified as Sporosurcina halophila (7) .
As a continuation of the collaborative taxonomic study by some members of the International Committee on Systematic Bacteriology Subcommittee on the Taxonomy of the Genus Bacillus (15) Virgibacillus gen. nov. Aneurinibacillus, Brevibacillus and Paenibacillus were initially characterized by amplified rDNA restriction analysis (ARDRA) (14) . This method revealed that B. pantothenticus represents a phylogenetic group sufficiently different from other Bacillus species to warrant the status of a separate genus. We therefore carried out a polyphasic taxonomic study, which also included strains of Amphibacillus xylanus, Halobacillus halophilus, Halobacillus trueperi, Halobacillus litoralis, Marinococcus halophilus and Marinococcus albus, to clarify the positions of these strains at different taxonomic levels. We report here on the findings of that study, which support the recognition of a new genus, which we name Virgibacillus, to accommodate B. pantothenticus and related organisms which appear to belong to an as-yet-undescribed new species.
METHODS
Strains and media. The designations of the strains, their origins and the different methods applied are shown in Table  1 . Unless otherwise stated, Bacillus pantothenticus strains were grown on Trypticase Soy agar (TSA) and the other
Bacillus strains on nutrient agar with 1 YO (w/v) glucose (NAG) at 30 "C for 24-48 h. The Halobacillus strains were grown on Bacto Marine agar (Difco) at 30 "C and Bacillus d@sosauri on TSA supplemented with 1 M KC1 at 37 "C.
Marinococcus albus and Marinococcus halophilus were grown on the M . albus medium at 37 and 30 OC, respectively (6). Amphibacillus xylanus was grown at 37 "C aerobically and anaerobically (Anaerobic System, Forma Scientific model 1024) on the medium described by Niimura et al. (1 8) .
The strains were checked for purity by plating and phasecontrast microscopy, and were maintained both as lyophilized cultures and (except for Marinococcus strains) as sporulated cultures on slopes of the appropriate abovementioned medium containing 5 mg MnSO, .4H,O I-' (to enhance sporulation). Slopes were incubated for 48 h or longer, until spores could be observed by microscopy, then stored in the dark at 4 "C.
DNA preparation. Total genomic DNA was purified using a slight modification of the method of Pitcher et al. (19) , as described previously (14). DNA was prepared from A . xylanus grown aerobically as well as anaerobically. The DNA preparations were visually inspected by 1 YO (wlv) agarose gel electrophoresis, quantified spectrophotometrically at 260 nm, and stored at -20 "C.
ARDRA. Enzymically amplified 16s rDNA was obtained by PCR and analysed by restriction digestion with five restriction enzymes (HaeIII, DpnII, RsaI, BfaI and Tru9I) as described previously (14). The restriction patterns for each strain were normalized and combined. The combined patterns were subjected to numerical analysis by the Gelcompar 4.0 software (Applied Maths) using the Dice coefficient and the unweighted pair group method using arithmetic averages (UPGMA) clustering algorithm. M. Heyndrickx and others (25) . The FAME profiles were identified and clustered using the MIS software version 4.0.
GC analysis of fatty acid methyl esters (FAMEs
SDSPAGE of whole-cell proteins. Cells for SDS-PAGE were obtained after a 24 h growth on nutrient agar with 1 % (w/v) glucose (NAG) at 30 "C. Methods for preparation and electrophoresis of SDS protein extracts and for UPGMA cluster analysis of the protein profiles were described previously (20, 26 observations were scored as 0 (absent/negative) or 1 (present/positive). Redundant tests (i.e. positive or negative for all strains) were excluded, and the data were subjected to numerical taxonomic analysis using the Genstat 5 program. Similarities were calculated using the general similarity coefficient of Gower (S,) (10). Where two organisms were both negative for an API test, such a matching was given a weighting of zero in the calculation to avoid negative results making undue contributions to similarity. The results were then examined by UPGMA cluster analysis.
RESULTS AND DISCUSSION
The 12 B. pantothenticus strains clustered together, but separate from all the other organisms studied, in the numerical analysis of their combined ARDRA patterns, and are subdivided into two groups (Fig. 1) formed at 76 % SG, and contained the same 10 strains that clustered together in the ARDRA (Fig. l) , PAGE and FAME dendrograms. The two remaining strains of B. pantothenticus (LMG 12370 and 17369) clustered loosely at 70% S,, a result also consistent with the findings of the ARDRA (Fig. l) In conclusion, our polyphasic data show that the B. pantothenticus group is distinct from Bacillus rRNA groups 1 and 2, as well as from the related genera Paenibacillus, Brevibacillus and Aneurinibacillus. Although it shows a distant phylogenetic relationship to the alkaliphilic spore-forming genus Amphibacillus, to the moderately halophilic spore-forming genus Halobacillus, and to the moderately halophilic non-sporeforming genus Marinococcus, it differs from the last two genera in its facultative anaerobic metabolism and from each of the three mentioned genera in the following respective characteristics ( Virgibacillus gen. nov. 
Mean of two measurments (T, method).
15 and 50 "C, with an optimum of about 37 "C. Acid without gas is produced from the following carbohydrates in the API 5OCHB gallery: N-acetylglucosamine, arbutin, D-fructose, galactose, D-glucose, maltose, D-mannose, ribose, salicin, D-tagatose, trehalose ; acid production from the following carbohydrates is variable : amygdalin, D-arabinose, cellobiose, L-fucose, /3-gentiobiose, gluconate, glycerol, glycogen, inositol, lactose, methyl a-D-glucoside, methyl a-D-mannoside, rhamnose, sorbitol, starch, sucrose and D-turanose. The major cellular fatty acids are iso-C,,: , , and anteiso-C,,: o. The major quinone is menaquinone 7 (27) . Murein of the type strain of the type species has been reported as meso-DAP direct type (3). The G + C content has been reported (7) as 36.9 (T,) while we found 38-3mol% to be the mean of two determinations for the type strain of the only species, Virgibacillus pan to then t icus. The description is identical to that given by Claus & Berkeley (3) and to the description of the genus given above. The type strain is strain ATCC 14576 (= LMG 7129, NCIMB 8775, NCTC 8162). In the variable API characters listed above, its reactions are positive for H,S production (weak), citrate utilization, gelatin hydrolysis, and production of acid without gas from: amygdalin, methyl a-D-glucoside, methyl a-D-mannoside, rhamnose, starch, sucrose and D-turanose ; its reactions are negative for arginine dihydrolase, nitrate reduction, ONPG, and for production of acid without gas from D-arabinose, cellobiose, L-fucose, /3-gentiobiose, gluconate, glycerol, glycogen, inositol, lactose and sorbitol.
